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Abstract
The research objective was to develop a persulfate-activator soft solid (PASS) as a biodegradable slow-release oxidant to treat phenol-contaminated groundwater. PASS was
prepared by graft copolymerization of acrylic acid (AA) and acrylamide (AM) onto 1%
(w/v) sodium alginate mixed with 500 mg L−1 sodium persulfate and 5 mg L−1 ferrous
sulfate. The physical and chemical properties of PASS were characterized using scanning electron microscopy, Fourier transform infrared spectroscopy, thermogravimetric
analysis, differential scanning calorimetry, the water content and swelling ratio. Various variables, including the ratio of AA/AM, pH, temperature and the type of groundwater cations affecting PS release, were investigated. The maximum PS release in DI
water was 98% in the ratio of PASS 1 (AA/AM, 75/25), 96% at pH 3, 83% at 25 °C, and
80% with Na+. The major factors controlling PS release were the AA/AM ratio and pH.
PASS 1 can be stable in size and shape for 6–8 days and completely degraded within 34
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days. The degradation rates of 10 mgL−1 phenol using PASS produced the highest kobs
values for each variable at a ratio of PASS 1 (k = 0.1408 h−1), pH 7 (k = 0.1338 h−1), 25
°C (k = 0.1939 h−1), and Ca2+ (k = 0.1336 h−1). The temperature of the groundwater was
key to driving the reaction between PS and phenol. PASS 1 was applied in simulated
phenol-contaminated groundwater via horizontal tanks containing Ottawa sand. The
results indicated 93.2% phenol removal within 72 h in a narrow horizontal flow tank
and 41.7% phenol removal in a wide horizontal flow tank with aeration.
Keywords: Alginate, Graft copolymerization, Groundwater remediation, Phenol, Persulfate-activator soft solid (PASS), Persulfate

1. Introduction
In general, traditional in situ chemical oxidation (ISCO) with a liquid
oxidant has been well studied because it has the advantage of being a
simple process for oxidant preparation, is easy to inject, and the exact
concentration of oxidant is known. ISCO has been widely used for the
oxidative degradation of organic pollutants, such as hexachlorocyclohexane (HCH), polycyclic aromatic hydrocarbon (PAH), total petroleum
hydrocarbon (TPH), phenolic compounds, and trichloroethene (TCE) in
soil and groundwater (Santos et al., 2018; Ranc et al., 2017; Satapanajaru et al., 2017; Ji et al., 2017; Liu et al., 2019). However, a limitation of
using liquid oxidants is that they are not suitable for fine-textured soils
and low-permeability sites (Lee and Schwartz, 2007). Furthermore, they
cannot be used for oxidizing persistent plumes because liquid oxidants
are relatively short lived (Evans et al., 2019). Therefore, to overcome
these problems, a slow-release oxidant has been developed to replace
liquid oxidants, and in addition, this oxidant can be used to treat a persistently contaminated plume by minimizing rebound and reducing the
operating and maintenance costs (Christenson et al., 2012).
Various studies have reported that paraffin wax slow-release oxidants
have high degradation efficacies (Christenson et al., 2016; Evans et al.,
2019; Kambhu et al., 2017, 2012). However, a paraffin wax slow-release
oxidant also requires many steps to remove the remaining paraffin wax
after the remediation process is complete. Then, a slow-release oxidant
gel (permanganate gel) was developed in fluid form to solve the problem
of the intermittent oxidant release, as well as to create a relatively large
and deep oxidation zone (Lee and Gupta, 2014; Lee et al., 2014). However, when dense fluid (permanganate gel) is injected into the aquifer,
there is a decrease in the sinking of the oxidant and the concentration of
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the oxidant due to dilution (Hawkins et al., 2017). Moreover, the problem of MnO2 precipitation in permanganate is also encountered (Evans
et al., 2019).
From the above limitations, we chose to study a soft solid oxidant
(SSO) for groundwater remediation. SSO is a polymer that has a threedimensional structure and cross-linked hydrophilic, linear, or branched
polymers that are capable of swelling and retaining large volumes of
water (Baki and Abedi-Koupai, 2017; Pourjavadi et al., 2008). SSO can
be synthesized using many methods, such as radical copolymerization
(Wang et al., 2014), frontal copolymerization (Yan et al., 2005), cross
linking (Jeong et al., 2020), ionizing radiation (Sedlacek et al., 2017),
and graft copolymerization (Kumar et al., 2019). Recently, graft copolymerization of vinyl monomers, such as acrylic acid (AA) and acrylamide (AM), onto backbone polysaccharides, such as starch, chitosan,
or sodium alginate (NaAlg), has been a popular method because it involves simple steps, and only 2–3 chemicals are needed (Baki and AbediKoupai, 2017). In particular, using NaAlg as a backbone polymer has
been popular because NaAlg is extracted from brown algae (Phillips and
Williams, 2000). In addition, after the grafting process, a more suitable
and low toxicity polymer was produced for environmental applications
(Baker et al., 2009). The graft copolymerization method is useful for the
synthesis of soft solid alginate (SSA) and has been applied to various
tasks (Sahraei et al., 2017), such as medical applications and drug delivery, and in agriculture as a slow-release fertilizer (Chang et al., 2010).
Its slow-release ability makes it suitable for use in environmental remediation purposes as a slow-release oxidant.
The objective of this research was to synthesize a slow-release persulfate oxidant, which is referred to as persulfate-activator soft solid
(PASS), using graft copolymerization with acrylic acid (AA)/acrylamide
(AM) onto sodium alginate (NaAlg). Ferrous irons (Fe2+) were used as
the activator. Then, we prepared PASS with Fe2+ in a simultaneous form
to increase its capability and to make it suitable for use in the remediation process. The physical and chemical characteristics of PASS were investigated. The effects on the rate of PS release were also studied. The
degradation efficacy of PASS was studied for treating phenol (representing an organic contaminant because phenol is used in many types
of industries and subsequent contamination in groundwater has been
reported) contamination in synthetic groundwater through a series of
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batch experiments. Furthermore, the efficiency of treating groundwater
contaminated with phenol in a simulated environment in a horizontal
flow tank was studied. To compare with other oxidation methods, catalytic ozonation is high operation cost and fenton oxidation activated by
ferrous ion suffers from iron sludge (Wang et al., 2012) while slow release persulfate or PASS has a relatively higher redox potential of 2.8 V
with sulfate radicals forming and remains in a stable form after activation (Yoo-iam et al., 2020). Moreover, PASS produced from biodegradable materials is safe and easily decomposed. Therefore, our results can
provide essential knowledge for developing a novel remedial technique
using PASS in the field for ISCO remediation.
2. Materials and methods
2.1. Chemicals
All chemical reagents used in the experiments were analytical grade. The
graft-copolymerization process was performed with NaAlg as the polymer backbone and was purchased from M.P. Biomedical (China). Acrylic
acid (AA) and acrylamide (AM) were used as monomers. TCI America
supplied the AA (USA), and the AM was supplied by Acros Organics
(China). Alfa Aesar, USA, provided methylene bisacrylamide (MBA) as
the cross-linking agent. Sodium persulfate (Na2S2O8) was used as the initiator, and oxidants were provided by Merck Corp. (Germany), and anhydrous calcium chloride (CaCl2), which was used as the precipitating
agent, was supplied by E.M. Science (Germany). Phenol was purchased
from Acros Organics (United Kingdom). Sulfuric acid (H2SO4, 98%), sodium hydroxide (NaOH, 99.0%) and potassium iodide (KI 99.5%) were
purchased from Fisher Chemical (USA). Ferrous sulfate heptahydrate
(FeSO4.7H2O) was purchased from Mallinkrodt Baker Inc. (USA). Sodium bicarbonate (NaHCO3) was purchased from J.T. Baker (USA). Sodium chloride (NaCl), potassium chloride (KCl), ammonium chloride
(NH4Cl), and calcium chloride (CaCl2) were used to study the influence
of cations on the release and degradation of phenol with PASS and were
purchased from J.T. Baker (USA).
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2.2. Graft-copolymerization process for developing PASS
The graft copolymerization process was adapted from Baki and AbediKoupai (2017) to prepare PASS. The ratio of NaAlg to persulfate was 1:50
(1 g of NaAlg:50 g persulfate). One percent NaAlg solution was stirred at
600 rpm with a magnetic stirrer for 15 min to form a gelatinized NaAlg
paste. The gelatinized NaAlg paste was added to 50 g of persulfate and
mixed well, and then, AA/AM was added at a ratio of 75:25. The mixture was stirred continuously at 600 rpm for 120 min to make a PS gel
suspension. Then, Fe2+ encapsulated in NaAlg as the activator was prepared by the method adapted from Mosmeri et al. (2017). A sample of 5
mg of Fe2+ from FeSO4 was dissolved in a NaAlg solution (1%) and stirred
for 10 min. The mixing solution was dropped into a beaker with a 2 mol
L−1 CaCl2 solution, and the drops were left in that CaCl2 solution for 1 h.
Then, the Fe2+ beads were removed from the solution and rinsed with
distilled water. Fe2+ beads were added to the PS suspension, mixed well
with a stirrer and left overnight.
2.3. Persulfate and activator soft solid (PASS) characteristics

Soft solid alginate (SSA) and PASS were characterized. The surface-functional group distributions were determined using Fourier transform infrared (FTIR) spectroscopy (BRUKER: Alpha-E). The morphology and
chemical composition of SSA and PASS were examined using scanning
electron microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDX) (HITACHI SU5000). Thermogravimetric analysis (TGA 8000, Perkin Elmer) was carried out over a temperature range of 0–500 °C with a
constant heating rate of 10 °C min−1 under a nitrogen atmosphere to determine the thermal degradation of SSA and PASS. The glass transition
temperature (Tg) and melting temperature (Tm) were determined using differential scanning calorimetry (DSC) (Mettler Toledo). Approximately 10 mg of the sample was sealed in a standard 40 μL aluminum
crucible and analyzed under nitrogen purging at a flow rate of 40 mL
min−1. The temperature range investigated was 0–500 °C at a heating
rate of 10 °C min−1. The equilibrium water content (WC) and swelling ratio (S) were studied at room temperature by cutting SSA and PASS samples into pieces (size 1 × 1 × 1 cm) and then placing them in DI water.
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The equilibrium water content (WC) and swelling ratio (S) were determined using Eqs. (1) and (2), respectively:
WC (%) =
S=

(Ws −W0 )
× 100
Ws

(Ws −W0 )
W0

(1)

(2)

where Ws and W0 are the weights of the swollen and dry weights of SSA
and PASS, respectively.
2.4. Stabilization experiment of SSA and PASS

The stabilization of SSA and PASS in water was studied at room temperature. The SSA and PASS were cut into a size close to 2 × 2 × 2 cm. The
initial weight of each soft solid was approximately 5.0 g. Then, SSA or
PASS was added into a 500 mL glass beaker containing 250 mL of DI water. To observe the change in weight, the SSA or PASS was taken at selected times, the excess water was removed, and the weight was measured with a 4-digit electronic balance.
2.5. PS release from PASS in water

Five grams of PASS (piece size 2 × 2 × 2 cm) containing 50 mg PS and
0.05 mg Fe2+ was added to a flask containing 250 mL of DI water. After
allowing time for equilibration, the samples were collected and measured using the iodometric method developed by Liang et al. (2008).
The calibration curve was constructed by preparing a standard solution of various sodium persulfate stock solutions. A 0.1 ml sample solution was added to 40 mL DI water and mixed well. Then, 0.2 g sodium bicarbonate was added to the solution to prevent oxidation of the iodide,
and 4 g of potassium iodide was added. The resulting solution was hand
shaken and allowed to equilibrate for 15 min. Then, the absorbance of
each sample was measured using a spectrophotometer at 400 nm. The
sodium persulfate concentration in the sample solution was calculated
based on Eq. (3):
CNa2S2O8 (mg L−1) = CCal DF

(3)
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where CNa2S2O8 is the concentration in the sample solution, Ccal is the concentration in the measurement solution in the calibration curve, and DF.
is the dilution factor.
The effects of the AA/AM ratio, pH, temperature, and type of cation on
PS release were studied. The parameters investigated were as follows:
ratios of AA and AM of 75:25 (PASS 1), 50:50 (PASS 2), and 25:75 (PASS
3); initial pH values of 3, 5, 7, and 9; five temperatures of 5, 10, 15, 20,
and 25 °C; and 100 mM of four types of cations (Na+, K+, NH4+, and Ca2+).
2.6. Kinetics degradation of phenol by PASS

Synthetic groundwater was spiked with 10 mg L−1 phenol. Batch experiments were conducted in an Erlenmeyer flask with 100 mL of contaminated groundwater. Treatments consisted of phenol-contaminated
groundwater treated with PASS or the control (no PASS). All experiments
were conducted at room temperature for 12 h in triplicate. Temporal
changes in residual phenol concentrations were determined, and the
pseudo-first-order kinetic rates (k) of phenol oxidation by persulfate
were calculated using Eq. (4):
C = Coe−kt

(4)

where Co is the initial phenol concentration and C is the concentration
of phenol at time (t).
To observe the effects and phenol degradation, batch experiments
were conducted in a 100 mL solution that contained 10 mg L−1 phenol
and 5 g PASS containing 50 mg PS and 0.05 mg Fe2+. The ratio of AA/AM,
initial pH, temperature, and type of cation were varied to observe the
phenol degradation rates. The ratios of AA to AM were 25:75, 50:50, and
75:25. The initial pH values were adjusted to 3, 5, 7, and 9, five temperatures were used (5, 10, 15, 20, 25 °C), and four types of cations were
considered (Na+, K+, NH4+, and Ca2+).
2.7. Phenol and Fe2+ analysis

Samples were placed into a 1.5 mL microcentrifuge tube. Then, 0.25
mL sodium thiosulfate (500 g L−1) was added to quench the persulfate,
and the reaction was stopped, followed by centrifugation for 15 min
(Kambhu et al., 2012). The supernatant was transferred to a glass vial
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and analyzed using high-performance liquid chromatography (HPLC). A
photodiode array detector and an isocratic mobile phase of 50:50 acetonitrile-water were used with an injection volume of 20 μL. We used a
flow rate of 1 mL min−1, and all samples were separated using an AQUASIL C18 column. For each treatment, the removal efficiency was calculated at 12 h based on Eq. (5):
Phenol removal efficiency(%) =

(C0 − Ct )
× 100
C0

(5)

where C0 is the initial phenol concentration in the groundwater, and Ct
is the concentration of phenol after treatment.
We used the phenanthroline method to determine the concentration
of Fe2+ in all samples. Then, the concentration of Fe2+ was measured using a spectrophotometer at 508 nm (APHA, 1997).
2.8. Application of PASS in a simulated phenol-contaminated
groundwater aquifer (horizontal tank study)

Narrow and wide rectangular acrylic tanks were used to mimic the flow
of groundwater and the treatment of contaminated groundwater with
PASS. Both flow tanks consisted of 3 reservoirs: inlet, main, and outlet.
The panels between the main reservoir and the inlet and outlet reservoirs were drilled and covered with a stainless steel mesh to allow the
solute to flow freely and to prevent the sand from leaving the main reservoir. A constant head was maintained above the drainage port in the inlet reservoir to provide the gradient needed to induce advection (Fig. 1).

2.8.1. Narrow horizontal flow tank
The narrow flow tank used in this study was described in Chokejaroenrat et al. (2015) and is shown in Fig. 1A. In brief, the main reservoir
had internal dimensions of 70 × 30 × 3 cm and was filled with graded Ottawa sand (grain size 0.150–0.425 mm). There were 30 sampling ports
on the front of the main reservoir, with each port being 5 cm vertically
apart and 10 cm horizontally apart. A PVC slotted cylinder screen was
located in the main reservoir 5 cm from the inlet screen. The effluent
port was located 25 cm from the bottom of the outlet reservoir. Initially,
the tank was saturated with 10 mg L−1 phenol. When the experiment
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Fig. 1. Schematic diagram of the horizontal flow tank: narrow horizontal flow tank (A)
and wide horizontal flow tank (B).

started, 7 pieces of PASS (each 35 g) were placed in a PVC slotted cylinder screen. The PASS used in the narrow tank experiment was cut to fit
the PVC slotted cylinder screen in a rectangular block with dimensions
of 1.5 × 1.5 × 4 cm. At the same time, tap water was pumped into the inlet reservoir at a flow rate of 1.5 mL min−1 using a peristaltic pump. Samples were collected from all 30 sampling ports at 0, 24, and 72 h.
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2.8.2. Wide horizontal flow tank
The wide horizontal flow tank used in this study was described in
Kambhu et al. (2021). In summary, the main reservoir had dimensions
of 35.6 × 30.5 × 20.3 cm and was filled with graded Ottawa sand. The
drainage port was located 17 cm from the bottom of the tank in the outlet reservoir. Three PVC slotted cylinder screens were placed approximately 7.5 cm from the inlet at the center and 8.9 cm from both sides of
the center in the perpendicular direction of the flow (Fig. 1B). Similar to
the narrow tank experiment, in the beginning, the system was flushed
with phenol until the concentration of phenol (60 mg L−1) was constant
at approximately 40 L. At time zero, three rectangular pieces (each 1.5
× 1.5 × 4 cm) of PASS (each 50 g) were inserted into the PVC slotted cylinder screen, and clean water was pumped into the inlet reservoir at a
flow rate of 6 mL min−1. The samples were collected at the outlet reservoir every 24 h.
To determine the removal of phenol by activated liquid PS and aerated PASS, the experiment was repeated, and the mass of phenol retrieved from the outlet reservoir was compared. In the liquid PS experiment, 500 mg L−1 PS was injected at the same location as the PVC slotted
cylinder screen. In the aerated PASS experiment, the aeration tube was
connected to each PVC slotted cylinder screen at the bottom of the PVC
slotted cylinder screen to improve the treatment efficiency and prevent
density-driven PS release from PASS. A commercial fish tank air pump
was used as an air supply, and a Cole-Parmer, 30 mm correlated flowmeter was used to control the aeration flow rate. The control treatment
provided baseline phenol removal by flushing with clean water, and CaCl2
was used as a tracer to provide the breakthrough curve of water. Phenol
samples were collected and analyzed in the same manner as previously
described. Cl− samples were analyzed using ion chromatograph (IC).
3. Results and discussion
We synthesized SSA and PASS in square shapes (size 1 × 1 × 1 cm; 2 g,
PS 500 mg and 5 mg Fe2+) using a graft copolymerization method with
an AA/AM ratio of 75/25. Each sample of SSA and PASS was tested for
physical and chemical characteristics.
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3.1. PASS characteristics
The physical and chemical properties of PASS were analyzed using SEM
with EDX, FT-IR spectroscopy, TGA, DSC and for the water content and
swelling ratio.

3.1.1. Scanning electron microscopy
Fig. 2 shows the SEM images of SSA and PASS (AA/AM ratio of 75/25),
which were in a non-water-saturated form and ready to use. The surface
of the SSA was not coarse and was relatively smooth. There were many

Fig. 2. SEM image of nonwater saturated SSA and PASS (AA/AM ratio of 75/25): SSA
(1000x) (A) and PASS (1000x) (B), EDX result for the composition of SSA (C) and PASS
(D), and the distribution of Ca2+ in SSA (E) and of Fe2+ in PASS (F).
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uniform interconnected pores, as shown in Fig. 2A. These pores were
regions of water permeation, where water easily diffused into the polymeric network (Kabir et al., 2018). The PASS surface was coarser than
the SSA surface, as shown in Fig. 2B. PS may form an outer layer on the
surface of alginate colloidal particles by electrostatic attraction, similar
to the previous study by Islam et al. (2017), which reported the effect
of an initiator (PS) on grafting with chitosan. The structure of PASS was
more compact and disconnected than that of SSA. PASS had a coarse surface with a ridge-like structure, this uneven surface was possibly controlled-release function of PS (Tsai et al., 2017). In addition, the EDX
results showed the percentage of PASS and the distribution of encapsulating Fe on PASS, as shown in Fig. 2D and F, respectively. The three major
elements on the surface of PASS were oxygen (42.8%), carbon (37.6%),
sulfur (6.5%), and a small amount of iron (0.1%). These results proved
that the surface of PASS contained sulfur (S) and iron (Fe).
3.1.2. FTIR analysis
The surface functional groups of the SSA and PASS samples were
characterized using FTIR analysis, and the FTIR spectra of the samples
are presented in Fig. 3. Some characteristic peaks in both spectra could
be identified. The observed peak at 3050–3350 cm−1 was attributed to
the –NH stretching vibrations of AM, which overlapped with the -OH
groups on the backbone (3340–3400 cm−1). The peak at 2000–2120 cm−1
showed the C–H band, which can be present for the methyl and methylene groups of the acrylate compound (Azargohar et al., 2013). The peak
at 1650 cm−1 corresponded to asymmetric –COO− stretching, which indicated the introduction of AA and AM into the graft-copolymer composite. The combination of a higher PS and the alginate of PASS caused an
increase in the intensity of asymmetrical S==O vibration of the sulfate
group present on the surface of the alginate (Fig. 3B), thus proving the
interaction of PS and alginate (Singh et al., 2015). The PS-loaded PASS
indicated the presence of asymmetric stretching vibrations of S–O at
1085 cm−1 (Kiefer et al., 2018), as shown in Fig. 3B. The peak at 575 cm−1
was assigned to Fe–O stretching (Santos et al., 2016). Generally, Fe2+ also
contributes to forming a stable matrix by crosslinking with the alginate
functional groups (Kang et al., 2018). Many studies of polymer–Fe complexes have shown that the carboxylic group (–COOH) of alginate forms
complexes with Fe ions through hydrogen bonding with O– (Fe–O) (Dong
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Fig. 3. FTIR spectrum of SSA (A) and PASS (AA/AM ratio of 75/25) (B).

et al., 2011; Liu et al., 2015). The results of these functional groups were
related to the proposed structures of SSA and PASS (Fig. 4) and were
in agreement with the findings regarding the loading of Fe2+ into PASS,
as observed using EDX and SEM (Fig. 1). The changes in the spectra of
PASS compared to SSA indicated interactions between the alginate and
PS consisting of electrostatic interactions and noncovalent interactions,
such as hydrophobic effects and hydrogen bonding (Sun et al., 2017). All
the FTIR results proved that the alginate functional groups, AA, AM, PS,
and Fe–O were present in the PASS spectrum.
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Fig. 4. The proposed structures of SSA (A) and PASS (AA/AM ratio of 75/25) (B).

3.1.3. Thermogravimetric analysis
The TGA curves of SSA and PASS are depicted in Fig. 5A for a heating range of 0–500 °C. The weight loss of SAA and PASS was assigned
to the splitting of glycosidic bonds and desiccation of saccharide rings
(Wang and Wang, 2010). The weight losses of SSA and PASS were not
substantial in the low temperature range (0–100 °C). We observed that
the weight loss of SSA was 86% at 140 °C, whereas PASS had a lower
sample loss of 24% at the same temperature. This implies the loss of
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Fig. 5. Thermal gravimetric analysis (TGA) (A) and differential scanning calorimetry
(DSC) (B) of SSA and PASS (AA/AM ratio of 75/25).

the cross-linked network structure and the formation of anhydride with
the removal of water molecules from the carboxylic groups of polymer
chains (Bao et al., 2011). At 500 °C, the thermograms of SSA and PASS
had 3% and 14% residual matter, respectively. SSA had greater degradation than PASS at high temperature. The higher thermal stability of
PASS may have been due to the higher PS content, which increased the
number of whole cross-linked polymer groups in the grafting process
(Phang et al., 2018). The TGA results revealed that PS could behave as a
thermal barrier and thus increase the thermal stability of PASS.
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3.1.4. Differential scanning calorimetry
The DSC results of SSA and PASS are shown in Fig. 5B. The DSC indicated traces of NaAlg endothermic peaks at 104 °C and 110 °C for PASS
and SSA, respectively. Gao et al. (2009) also recorded an exothermic peak
at approximately 250 °C for NaAlg. Two endothermic peaks, namely, the
glass-transition temperature (Tg) and melting temperature (Tm), were
clear. The exothermic peak diminished, suggesting an improvement in
the decomposition temperature for NaAlg copolymers. This improvement was due to the formation of the cross-linking network. The existence of Tm indicated the formation of the crystalline region in the copolymers due to hydrogen bonding (Yong et al., 2015). The values of Tg and
Tm for each copolymer are influenced by the cross-linked network formation and the strength of hydrogen bonding. Previous research showed
that the initiator and cross-linking agent were activated much faster at
a lower initiator concentration (Lynda Merlin and Sivasankar, 2009).
Hence, in copolymers with a high concentration of initiator, more cross
links could be formed in this reaction.

3.1.5. Water content and swelling ratio
The water content of SSA reached 82% within 150 min and increased to 92% within 450 min. At the same time, the PASS water
content reached 60% at 150 min but did not increase until 450 min
(Fig. 6A). The swelling ratio of SSA was ∼10-fold greater than that of
PASS within 450 min, as shown in Fig. 6B. The results can be explained
by the fact that PS was attracted to adjoining neighbors under the grafting process, and consequently, there was a decreased distance between
the alginate and monomers. The attraction force induced by adding
PS reduced the diffusion of water into PASS (Kurdtabar and Bardajee,
2020). In addition, adding PS meant that there were more intermolecular interactions between the PS and alginate molecules. The polymer
matrix became more compact, thus hindering water penetration, which
caused the water content and swelling capacity of PASS to decrease.
Furthermore, there was a high tendency for the sulfate group from PS
and the carbonyl group from sodium alginate to form strong hydrogen
bonds that were further responsible for a decrease in the swelling capacity (Raju and Raju, 2001; Phang et al., 2018).
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Fig. 6. Equilibrium water content (A) and swelling ratio curves for SSA and PASS (AA/
AM ratio of 75/25).

3.2. Stabilization of SSA and PASS
The changes in the wet weight of SSA and PASS are shown in Fig. 7.
The weights of SSA and PASS increased rapidly in the first stage (0–7
h). The maximum weight of SSA was as high as 60.0 g, while the weight
of PASS was 12.8 g. The weights increased because of the swelling capacity and water content of SSA and PASS. A small amount of PS (0.02
g) was used as an initiator in SSA, whereas PASS contained a large
amount of PS (0.5 g). PS produced free radicals in the solution, led to
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Fig. 7. The change in SSA and PASS (AA/AM ratio of 75/25) weight in water over 42
days.

more polymer graft sites and increased the swelling capacity of the
SSA. However, too many free radicals shortened the graft chain of the
polymer, and spatial network structures were difficult to form (Zhang
et al., 2019). After 75 h, SSA and PASS were gradually degraded over
time. The final weights of both SSA and PASS decreased to close to 0.5
g within 888 h (37 days). This resulted from the depolymerization of
polysaccharides via cleavage of the glycosidic bonds. The glycosidic
linkages of alginates are degraded by many mechanisms, including oxidative–reductive free-radical depolymerization (ORD) reactions and
acid–alkaline hydrolysis (Pawar and Edgar, 2012). Thermal degradation was the main factor of alginate backbone polymer degradation;
however, at low temperatures, such as in groundwater aquifers, alginate degradation did not differ significantly between effective temperature regimes of 20°C and 30 °C (Wilske et al., 2014). Our results indicated that PASS can be stable in size and shape for 6–8 days in DI water,
but periods of PASS stabilization may be shortened when it is applied
in the field. PASS can be degraded by microbes living in the soil and
groundwater. The enzymatic degradation of microbes can decompose
alginate-based polymers with morphological observations, for example, making some holes and weak topographical spots on the surface
of the polymer material (Phang et al., 2018).
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Fig. 8. Effect of PS released from PASS: AA/AM ratio (A), pH (B), temperature (C), and
type of cations (D).

3.3. PS release from PASS
The possible mechanism of chemical release from the grafting polymer
was based on electrostatic interactions, diffusion, and macromolecular
relaxation of polymeric components in the grafted polymer (Fan et al.,
2019; Faishol et al., 2019). We studied the impact of differing AA/AM
ratios, pH levels, temperatures, and the type of groundwater cations on
PS release from PASS. The PS release trends are shown in Fig. 8, and the
release rate for each parameter is presented in Table 1.
The PS release behavior of the grafted PASS polymers with 3 different
AA/AM ratios in distilled water at room temperature is shown in Fig. 8A.
The PS release percentage was initially rapid and slowed down gradually. The PS release rates from PASS 1 (AA/AM ratio of 75/25), PASS 2
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Table 1. PS released rate at each condition.
Parameter

AA/AM ratio
PASS 1 (75/25)
PASS 2 (50/50)
PASS 3 (25/75)
pH
3
5
7
9
Temperature
5 °C
10 °C
15 °C
20 °C
25 °C
Type of cations
K+
Na+
NH4+
Ca2+

PS release rate (mg PS h−1)
2h

4h

6h

8h

10 h

12 h

24 h

3.376
2.626
1.306

5.725
6.225
2.042

6.422
4.922
2.461

8.333
5.255
4.262

0.750
2.527
0.750

0.000
0.550
0.175

0.000
0.005
0.015

0.522
1.409
2.722
5.087
6.337

0.151
0.634
1.166
3.735
5.235

2.464
2.531
4.760
3.710
4.460

2.495
3.128
6.514
6.871
3.871

0.625
0.495
1.474
0.794
1.794

0.055
0.023
0.523
0.003
0.026

0.005
0.003
0.000
0.000
0.006

6.847
5.909
5.222
6.587

6.847
13.909
6.722
8.587

4.336
4.134
3.916
3.985

4.336
2.634
1.916
3.485

3.874
3.781
3.510
2.960

3.874
3.531
6.510
4.460

7.542
7.878
8.514
8.121

5.542
1.378
6.514
5.621

1.408
0.004
0.474
0.794

0.158
0.004
0.025
0.294

0.055
0.023
0.023
0.133

0.055
0.023
0.023
0.133

0.004
0.000
0.000
0.033

0.001
0.003
0.000
0.000

(AA/AM ratio of 50/50), and PASS 3 (AA/AM ratio of 25/75) increased
from 2 h, and the highest release rates were at 8 h, with 8.333 mg PS h−1,
5.255 mg PS h−1, and 4.262 mg PS h−1, respectively, as shown in Table 1.
PS release started with dissolution after water had penetrated the pores
(Baki and Abedi-Koupai, 2017). Initially, PS release was rapid because
there was a difference between the PS concentration in the PASS and in
the solution. This could be attributed to the difference in electrostatic
interactions between alginate and PS (Fan et al., 2019). In addition, Fig.
8A shows that the PS release rate from PASS decreased with an increasing AM concentration. The grafted polymers were classified according
to the molar ratio of AA to AM with AA/AM ratios of 75:25 (PASS 1),
50:50 (PASS 2), and 25:75 (PASS 3). The grafted polymers with a high
AM concentration had lower free water absorbency (Baki and AbediKoupai, 2017). Free water absorbency is dependent on the hydrogen
bonding interaction between the functional groups of the polymer (Wu
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et al., 2012). Once the free water absorbency decreased, it was harder
for water to penetrate the PASS surface to dissolve PS, which may have
decreased the PS release in our experiment.
The PS release from PASS was tested at pH levels of 3, 5, 7, and 9
(Fig. 8B), and there were no significant differences. However, Table 1
shows that there was a high PS release rate for each pH level in the first
2 h, and then release rate decreased at 4 h for all pH levels. Initially, the
highest release rate was at pH 3 of 6.847 mg PS h−1, which indicated that
acidic conditions forced the PS to be released in an acid–base interaction
(Faishol et al., 2019). Furthermore, under strongly acidic conditions, the
transformation of PASS carboxyl groups into –COOH decreased the repulsive forces between PS and the carboxyl groups, resulting in lower PS release. Additionally, the formation of –COOH at low pH enhanced the hydrogen bonding interactions, which had a negative effect on PS release.
The percentages of PS released at different temperatures (5–25 °C)
are presented in Fig. 8C. The lowest PS release was at 5 °C (22%), while
the highest was at 25 °C (84%) and was 6.337 mg PS h−1 in the first 2 h,
and then this release decreased gradually (Table 1). Kim et al. (2002) reported the temperature dependence of the grafting polymer when the
temperature increased from 20 to 50 °C. The surface and bulk-grafted
polymer decreased dramatically between 30 and 35 °C. In our case, the
temperature range was low (5–25 °C). We found that at 5–15 °C, the
shape of PASS was smaller and may not have reduced the size of the
pores, which caused a reduction in PS diffusion and lowered the PS release efficiency.
We also studied the effect of groundwater cations on the PS release
properties of PASS. In the first period, the percentage of PS release with
Na+ was higher than that for other ions (Fig. 8D). In fact, the highest PS
release rate was with Na+ at 2 h (13.909 mg PS h−1). The structures of
PASS were also sensitive to the strong electrostatic interactions caused
by the cations present in the solution (Bao et al., 2011). PS dissolution
improves with increasing cation content in the solution (Phang et al.,
2018). The cations readily form a bond with the O–H group from water
molecules due to their high solubility property, thus increasing the interaction for dissolution to occur (Ismail Ahmad et al., 2014). The effect
of different types of cations on PS release was ordered as follows: Na+ >
K+ > NH4+ > Ca2+. The PS release was higher when subjected to monovalent cations than bivalent cations. Regarding the order of Na+ > K+, the
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PS release was dependent on the size of the monovalent cation. Na+ ions,
which are a smaller than K+, could enter the polymer network more easily, causing a decreasing osmotic pressure difference and resulting in a
faster PS release rate (Lohmousavi et al., 2020). The Ca2+ ions also entered the grafted polymer matrix and produced complexes with the carboxyl groups of PASS, resulting in a greater degree of cross linking and,
consequently, slower PS release (Lohmousavi et al., 2020). However, the
ion exchange between H+ and Ca2+ in solution contributed to the relaxation of the structure. The concentration of Ca2+ ions in solution leads
to the loosening of the structure and still allows the release of PS (Nithitanakool et al., 2013).
The overall trend of PS release for each AA/AM ratio was slow in the
first 2 h and then increased gradually until the highest PS release rate
was at 8 h. In contrast, for pH, temperature, and the type of groundwater cations, the first 2 h produced higher PS release rates. For all experiments, after 10 to 24 h, there were very low PS release rates. The oxidant release from other materials, such as persulfate paraffin wax rods
(Liang and Chen, 2017) and permanganate gel (Lee et al., 2014), was
reported to be initially high and then rapidly decreased with the time
of testing. The differences in oxidant release of different materials may
be due to their different tendencies to affect coating material properties such as the pore size. The pore size of slow-release materials depends on the type of oxidant added (Yu et al., 2014). A slow-release oxidant made from wax appeared to have very low dissolution (Lee et al.,
2008). On the other hand, wax coating on the oxidant had the disadvantage of retaining residual amounts of oxidant. This may pose both
economic and environmental challenges (Ibrahim and Jibril, 2005). In
reference to slow-release permanganate gel made from colloidal silica,
colloidal silica is a dense fluid that causes undulations at the boundaries between the high-conductivity layer and the low-conductivity layer
after injection. Pooling, instabilities, and subsequent sinking of the oxidant further down were found.
3.4. Comparison of liquid PS and PASS efficiency

Substantial removal of phenol was observed with both oxidants (liquid
PS and PASS 1), as shown in Fig. 9A, indicating that the PS slowly released from PASS was able to oxidize a substantial amount of phenol (up
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Fig. 9. Phenol removal efficiency (A), PS release concentration (B), and Fe2+ concentration (C) of PASS 1 and liquid PS with Fe2+.
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to 100%) within 24 h. The changes in the persulfate and ferrous concentrations are shown in Fig. 9B and C, respectively. The results of comparing the phenol removal efficiency between liquid PS and PASS showed
that in the early stage (0–6 h), liquid PS had a faster degradation rate
than PASS; then, the pattern for liquid PS plateaued at 8 h (82% phenol
removal), while PASS was able to treat phenol up to nearly 100%. After
8 h of liquid PS treatment, there were insufficient ferrous ions for the activation of persulfate oxidation, and the reactions appeared to stop. On
the other hand, PS and Fe2+ were still released from PASS, and the degradation reaction proceeded until all the phenol was removed.
We prepared PASS with Fe2+ as an activator that helped increase the
phenol removal efficiency. When Fe2+ is used to activate persulfate, Fe2+
can be oxidized and transformed into ferric iron (Fe3+), which reacts
with water and forms Fe(OH)3 through hydrolysis (Yang et al., 2020).
Furthermore, during the persulfate activation process, the produced
SO4 −• can proceed either in the recombination mechanism with other
molecules or inhibit excess persulfate oxidation (Matzek and Carter,
2016; Chen et al., 2018). During the catalytic reaction, more sulfate
radicals could be produced, and thus, the phenol removal efficiency
could be enhanced. Our results revealed that the Fe2+ activator played
an important role in phenol oxidation, which could result in more than
80% phenol removal within 12 h. The enhancement of phenol oxidation was exerted by the Fe2+ activator, which produced a higher redox
potential of persulfate radicals (E0 = 3.1 V) than that without Fe2+ catalysis (Ranc et al., 2016).
Although ferrous ions are able to activate the persulfate oxidation
process, excessive ferrous ions might act as intrinsic scavengers of sulfate radicals (Eq. (6)) (Kolthoff and Miller, 1951) and decrease the sulfate radical concentration.
Fe2+ + SO4 −• →Fe3+ + SO42−

(6)

Researchers have indicated that the destruction of sulfate radicals might
occur in the presence of excess Fe2+ due to the rapid conversion of Fe2+
to Fe3+, which would limit the ultimate oxidizing capability (Satapanajaru et al., 2015). Thus, the decrease in phenol oxidation efficiency was
due to the effects of excess ferrous iron limiting the oxidizing capability
(Yoo-iam et al., 2020).
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Fig. 10. Effect of phenol degradation of PASS; ratio of AA/AM (A), pH (B), temperature
(C), and type of cation (D).

3.5. Effect of environmental conditions on phenol degradation by
PASS
The effects of the AA/AM ratio, pH, temperature, and type of groundwater cation on phenol degradation were investigated. Three different
PASS AA/AM ratios were studied in terms of phenol degradation. The
kobs values of the PASS 3 ratios were PASS 1 kobs = 0.1549 h−1, PASS 2 kobs
= 0.0938 h−1, and PASS 3 kobs = 0.0737 h−1 (Fig. 10A). The release rate
of PS from PASS was higher with a low concentration of AM. Higher PS
concentrations released from PASS would be more effective in phenol
degradation. The phenol removal efficiency depended on the persulfate concentration. Our results showed that the phenol removal efficiency relatively increased with the persulfate concentration released
from PASS.
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The efficiency of PS-based AOP technologies is generally dependent
on the initial pH of the solution (Yang et al., 2014). The influence of the
initial pH on phenol removal in synthetic groundwater by PASS 1 (AA/
AM, 75/25) was investigated over a wide range (pH 3–9, no buffer). As
shown in Fig. 10B, the kobs values at pH 3, 5, 7, and 9 were 0.0717 h−1,
0.1130 h−1, 0.1543 h−1, and 0.0462 h−1, respectively. Phenol degradation
was best at neutral pH (pH = 7; kobs = 0.1543 h−1). In general, the degradation effect of the phenol solution was greatly affected by the pH value
(Bing and Wei, 2019). In this work, pH 7 was the optimum pH value of
the reaction, and the removal rate of phenol had a maximum efficiency
of 81.72%. As the pH increased (from pH 7 to pH 9), the degradation of
phenol decreased, and the removal rate of phenol gradually decreased.
The pKa of SO42− was 9.4, so SO42− was assumed to be the only species
in solution under neutral and acidic conditions (pH 3, 5, and 7), while a
small amount of SO42− was in the solution under alkaline conditions (pH
9) (Guan et al., 2011). Other researchers have observed that better pollutant removal was achieved under acidic conditions in different sulfateradical-based systems (Jiang et al., 2016; Li et al., 2017). PS has a substantially acidic nature, and the pH of the solution containing phenol and
peroxydisulfate was approximately 7 (Zhao et al., 2020).
The phenol degradation efficiency increased substantially with pH
under acidic and neutral conditions, indicating that a lower pH was favorable to degrade phenol. This result was consistent with previous
reports about the sulfate radical-based oxidation of fluoroquinolone
(Jiang et al., 2016) and triclosan (Gao et al., 2016). This phenomenon
could be explained by the predominant radical species being affected
by the solution pH (Zhao et al., 2019). The current study also produced
a higher reaction rate under neutral conditions than under acidic conditions. Zhao et al. (2020) reported a similar result, with the removal
efficiencies of phenol by persulfate oxidation being higher under neutral conditions because the sulfate radical had a high standard redox
potential (2.5–3.1 V) under acidic and neutral conditions (Zhang et al.,
2015). We found a decrease in the phenol degradation rate at pH 9 due
to the reaction of SO4−• with OH− to SO42− and the HO•− form (Neta et
al., 1988). The SO4−• formed may have reacted with H2O or OH− to generate OH under basic pH conditions following Eqs. (7) and (8), respectively (Zhang et al., 2013):
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(7)

(8)

Hydroxyl radicals have a lower standard reduction potential than sulfate
radicals under basic conditions (Anipsitakis and Dionysiou, 2004). Moreover, the Fe2+ concentration may have decreased at pH 7 to 9 due to iron
oxide formation, which hindered the Fe2+ and PS reaction (Li et al., 2020).
Temperature is another variable that influences catalyst activity and
phenol degradation (Zhao et al., 2020). The degradation efficiencies of
phenol by PASS 1 (AA/AM, 75/25) at 12 h and 5 °C, 10 °C, 15 °C, 20 °C,
and 25 °C were the following: 42.63%, kobs = 0.0595 h−1; 60.35%, kobs
= 0.0811 h−1; 78.08%, kobs = 0.0887 h−1; 80.54%, kobs = 0.1550 h−1; and
90.87%, kobs = 0.1939 h−1, respectively (Fig. 10C). As the temperature increased, the degradation efficiency of phenol continued to increase. This
result was attributed to a portion of the energy generated by the system
participating in the activation of the oxidant, which produced more sulfate radicals and improved the degradation efficiency of phenol (Pan et
al., 2018). Adverse effects have been reported owing to the competitive
consumption of radicals at high temperature and the diffusion limitation phenomenon (Xu and Wang, 2012).
Gibbs free energy (ΔG0) values can be evaluated using Eq. (9) at various temperatures (Ahmadi et al., 2019):
ΔG0 = − RT lnk

(9)

where R is the universal gas constant (0.0083 kJ mol−1), T is the solution
temperature (K), and k is the kinetic rate constant.
The ΔG0 values for phenol degradation in this study at 5 °C, 10 °C,
15 °C, 20 °C, and 25 °C were −4.059 kJ mol−1, −4.536 kJ mol−1, −5.793 kJ
mol−1, −5.903 kJ mol−1, and −6.514 kJ mol−1, respectively. The basic principle is that degradation spontaneity must be negative when ΔG0 changes
for suitable degradation to exist (Yan et al., 2017). The negative ΔG0 values showed that the PS process was simple and that the level of spontaneity of the reaction increased with increasing temperature (Ahmadi
et al., 2019). This result supported that the reaction mechanism was
strongly stable and that the rate of the PS oxidation reaction increased
with increasing temperature.
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The effects of groundwater cations (K+, Na+, NH4+, and Ca2+) on phenol degradation by PASS 1 (AA/AM, 75/25) are shown in Fig. 10D. The
kobs values for all the cations were between 0.0617 and 0.1336 h−1; these
Kobs values were not very good for treating phenol, perhaps because the
combination of these cations with SO42−, generated from S2O82−, results in
low efficiency of phenol removal. The presence of cations showed their
influence on the oxidation ability of the oxidant in the Fenton-combined
persulfate system (Li et al., 2018). When cations were present, the generation of sulfate radicals decreased substantially, suggesting that the
existence of these cations that we studied could decrease the oxidative
capacity of the oxidation process. On the other hand, the transition metal
cation was effective at activating PS in the oxidation process. Anipsitakis
and Dionysiou (2004) presented various charges of metal catalysts, including Ag+, Co2+, Fe2+, Mn2+, Ni2+, Ce3+, and Ru3+, for the activation of persulfate and peroxymonosulfate to produce sulfate and hydroxyl radicals.
Another study confirmed that metal ions (Co2+, Fe2+, Mn2+, Cu2+) and the
mixing of these metals could activate persulfate (Ahn and Yun, 2019).
3.6. Horizontal flow tank study

A narrow flow tank experiment was conducted to study the spreading
and transport of PS from PASS 1 (AA/AM, 75/25). In addition, the removal of phenol by PS in a constant flow sand tank was studied. The remaining PS and phenol concentrations in the flow tank at 24 and 72 h
are shown in Fig. 11. At 24 h, the highest PS concentration (445 mg L−1)
was near the PASS screen; further away from the PASS, there were lower
concentrations. The lowest PS concentration (60 mg L−1) was observed
near the outlet (Fig. 11A). The PS distribution indicated that the PS was
released in the zone around the screen and downward in the tank (density driven), similar to Chokejaroenrat et al. (2015). With a flow rate of
1.5 mL min−1, the advection front of PS reached only half the tank. Eventually, at 72 h, PS was distributed throughout the tank water (Fig. 11B).
On the other hand, the remaining phenol concentration at 24 h (Fig.
11C) was inversely related to the PS concentration (Fig. 11A) due to
the degradation of phenol by the released PS. Approximately 49.7% of
the phenol removal had occurred at 24 h (Fig. 11C), while at 72 h, phenol removal reached 93.2%, and the remaining phenol was found at
the bottom of the tank near the outlet (Fig. 11D). The interaction zone
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Fig. 11. Releasing of PS at 24 h (A), releasing of PS at 72 h (B), spatial phenol concentration at 24 h (C), and spatial phenol concentration at 72 h (D) in narrow horizontal
flow tank when treated with PASS 1.

between sulfate radicals and phenol was produced while phenol was
pushed along the tank. This revealed that the release of PS from PASS
was able to successfully oxidize phenol in the downgradient area. Moreover, no flow rate or a flow rate of 1.5 mL min−1 resulted in greater contaminant oxidation of persulfate, while higher flow rates resulted in the
advection effect being sufficient to result in substantial contaminant removal from the tank (Chokejaroenrat et al., 2015).
Furthermore, we observed the release of PS from PASS, with PS sinking when PASS was submerged in the water or placed in a permeable
aquifer such as sand. This phenomenon was similar to that observed by
many researchers (Christenson et al., 2012, 2016; Kambhu et al., 2012;
Liang and Chen, 2017). For this reason, to eliminate the density-driven
action from PASS and to improve the treatment efficiency, a pneumatic
circulator was added to the bottom with a slow-release oxidant (Christenson et al., 2012, 2016; Kambhu et al., 2021). The wide horizontal flow
tank was used to compare the removal of phenol by liquid persulfate injections with and without aerated PASS under flow conditions. We assumed that the area under the control curve represented 100% of the
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Fig. 12. Breakthrough of CaCl2 and removal of phenol by flushing with water, liquid PS
injection and aerated PASS 1 in the wide horizontal flow tank.

phenol available to be oxidized. We conducted the experiment by injecting liquid persulfate into a PVC slotted cylinder screen. Fig. 12 shows
the integration of the liquid PS injection treatment curves with 66.7%
of the phenol recovered. The difference in phenol recovery between the
control and liquid persulfate injections can be attributed to the phenol
that was oxidized (up to 33.3%).
The experiment using PASS without aeration resulted in less phenol
removal than with PS liquid injection, with 91.7% of the phenol recovered, indicating that 9.3% of the phenol was oxidized. We observed that
at the bottom of the tank, there was some gel-like solution representing
sunken persulfate. PASS 1 (50 g) was placed in the tank in the same position and then aerated. The comparison of the two treatments showed
that the aerated PASS had 58.3% phenol remaining (up to 41.7% of phenol was oxidized) (Fig. 12). Aeration greatly facilitated more spreading
throughout the sand in the main chamber and resulted in greater phenol oxidation (Christenson et al., 2012, 2016; Kambhu et al., 2021). Our
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results indicated that the addition of PASS without aeration resulted in
density-driven flow, which meant that the persulfate sank to the bottom
of the flow tank. This was similar to another study that reported PS release from a slow-release paraffin wax rod that initially sank along the
surface of the rod to the bottom of the rod based on visual observation
(Liang and Chen, 2017). Thus, aeration is necessary to improve phenol
removal efficiency.
4. Conclusions
PASS samples were made and tested on a laboratory scale. The SEM and
FTIR results showed the different surface and functional groups between
SSA and PASS. PS was used as an initiator and oxidant and was affected
by the water content and swelling ratio. The PS release behavior was
investigated in distilled water. The PS release rate experiments showed
good release results within 12 h. Early in the experiment, the initial release rate was high before slowing and being sustained with time. The
release behavior of the PS release was affected by the AA/AM ratio, pH,
temperature, and type of cation. The highest PS release percentage was
under conditions of PASS 1 (AA/AM = 75/25), a solution pH of 7 at 25
°C, and with the solution containing Na+ ions.
PASS samples were tested under batch and transport conditions to
evaluate the sustainable release of activated PS and its ability to degrade phenol in solution. The degradation results showed that the activated PS was able to degrade up to 90% of the phenol in 12 h under batch conditions, while 93.2% removal was observed within 72 h
in the narrow horizontal flow tank and 41.7% in the wide horizontal
flow tank with aeration. Based on these results, PASS was effective at
the removal of phenol in a batch experiment and is suitable for use in
the environment.

* * * *
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